I. Introduction
A IRFOIL self-noise and flow interaction noise are major components of the overall noise originating from airframes and jet engines [1] and are also a dominant noise source of modern wind turbines [2] . One of the dominant causes of airfoil self-noise is due to the convection and interaction of the airfoil's turbulent boundary layer with the trailing-edge. Consequently, boundary layer characteristics play an important role in the level of noise generated [3] . The resulting trailing-edge noise is of dipolar nature and its acoustic power varies as a power of the velocity with typical powers ranging between 4 and 5 [4] . Trailing-edge noise is highly significant at low
Mach numbers due to the efficient scattering of the turbulent fluctuations over the solid trailingedges [5] . In order to reduce this dominant trailing-edge noise, several passive methods such as serrated trailing-edges [6] [7] [8] , porous surface treatments [9] [10] [11] , brushes [12, 13] and morphing trailing-edges [14] [15] [16] have been under investigation over the past two decades. In particular, serrated trailing-edges have received considerable interest due to their simple yet efficient noise reduction capabilities amongst all the other passive trailing-edge treatments. Recent research has also
shown that implementation of add-on trailing-edge serrations along the outboard blade section can significantly reduce wind turbine aerodynamic noise [17] . Despite the numerous studies directed toward noise reduction capabilities of serrations, the flow behaviour around serration structures and their overall effect on the airfoil's aerodynamic performance have remained largely unexplored.
The very first attempt in assessing the effectiveness of serrations for trailing-edge noise purposes, is perhaps that of Howe [18] [19] [20] . Howe's analytical investigations have shown that simple modifications such as sawtooth and sinusoidal serrations to trailing-edge can reduce the efficiency of the airfoil's trailing-edge noise generation by introducing destructive sound interference. It was
shown that the magnitude of the noise reduction depended on the frequency, length and spanwise spacing of the serration teeth. Howe's mathematical model also showed that optimal attenuation can be achieved with trailing-edge elements having a sharpness larger than 45
• . Despite providing fundamental insight in the aero-acoustic noise generation process, Howe's model nevertheless overestimates the absolute noise reduction levels when compared to experimental data. A much more recent analytical model developed by Lyu et al. [21] has shown that in addition to the de-structive interference predicted by Howe, there also exist some constructive sound interferences.
The comparison provided between the analytical and finite element results have shown a better agreement with experimental data in terms of serrated trailing-edge noise reduction.
Experimental investigations on full scale wind turbine blades were carried out by Oerlemans et al. [17] for an optimised airfoil geometry and airfoil with trailing-edge serrations. Results showed noise reductions of 0.5 dB for an optimised airfoil and about 3.5 dB for a serrated airfoil at low frequencies. More importantly, no degradation in the aerodynamic performances of the airfoils were observed. This showed the effectiveness of trailing-edge serrations in reducing airfoil self-noise without compromising aerodynamic performance for full scale applications. Gruber et al. [22] [23] [24] [25] carried out further studies with more complex trailing-edge serrations such as slotted edges, sawtooth with holes, slotted-sawtooth edges and serrations with random edges. The results from these tests showed that the serration geometry plays a vital role in the frequency range and intensity of noise reduction. Amongst all the tested serrations, sawtooth and slotted-sawtooth serrations performed best yielding noise reductions in the order of 1-5 dB at low to mid frequency ranges (300 Hz to 10 kHz). An increase in noise up to 1 dB was observed in the higher frequency range (10 kHz to 20 kHz). A speculated reason for this increase in high frequency noise was the misalignment of the serrations with the mean camber-line. Gruber also observed a marginal increase in the high frequency noise by the use of slotted-sawtooth serrations when compared to other geometries [22] . This increase in high frequency noise was further investigated by Acre et al. [26] using a sawtooth serration and by varying the serration flap angle. Acre et al. studied the flow field around a sawtooth serrated trailing-edge fitted on a NACA 0018 airfoil using stereoscopic Particle Image Velocimetry (PIV). The flow field and acoustic measurements were carried out for low angles of attack, α = 0 • , 4
• and 6
• . The results showed that serration flap angle can have a considerable effect on the flow behaviour and this misalignment of the serration angle to the mean camber-line is thought to be a key factor in the increase of high frequency noise. Vathylakis et al. [27] tested modified sawtooth serrated trailing-edges fitted on a NACA 0012 airfoil to reduce the high frequency noise observed in the previous tests. The space between the serrations (i.e. valleys) were filled with materials like porous nickel chromium foams, melamine foams, brushes, etc.
Acoustic measurements from these sawtooth serrations showed broadband noise reductions of up to 7 dB. The modified poro-serrated trailing-edges were able to reduce the tonal noise component from the vortex shedding and also kept the overall high frequency noise increase minimal, though failing to reduce the broadband noise level compared to the clean serrations. The aerodynamic measurements further showed a reduction of 4% in lift coefficient of the airfoil below the stall angles for serrated trailing-edge compared to the baseline. This study also showed that the jet flow through the serration valley is one of the key factors in the generation of high frequency noise for serrated trailing-edges.
Gruber et al. [23] presented boundary layer measurements using hot-wire anemometry on a single sawtooth of a serrated airfoil. The results showed that the tip of the trailing-edge has a boundary layer 15% thicker than the baseline and root of the trailing-edge. They also observed that the sharpness of the sawtooth affected the turbulent length scale and the turbulent intensity in the boundary layer region compared to the baseline case. The effects of serrations on airfoil's laminar flow instabilitiy noise was carried out by Chong and Joseph [28] . They showed that the sawtooth surface can trigger a bypass transition and prevent the boundary layer from becoming separated, subsequently reducing the two-dimensionality and preventing the amplification of the Tollmien-Schlichting waves. Moreau and Doolan [29] performed detailed acoustic studies on a flat-plate fitted with serrated and sharp trailing-edge and showed noise reductions of up to 13 dB.
These were related to the attenuation of the vortex shedding at the vicinity of the trailing-edge.
They also showed that the turbulence fields were substantially modified by the trailing-edge serrations. The relationship between the noise and near-field flow was further studied by Chong and
Vathylakis [30] using a highly equipped flat plate fitted with trailing-edge serrations. They found coherent structures in the form of horseshoe vortices being convected along the edges of the serration and suggested that noise reduction was driven by the interaction between these horseshoe and pressure driven oblique vortices. They also found that dominant fluctuating components were present close to the sawtooth tip with higher frequencies present on the sides of the sawtooth edges.
This concurs with the other observations made by Gruber [24] and Vathylakis et al. [27] , where the results show that jet flow through the serration valley corresponds to the high frequency noise.
Simultaneously, many high fidelity computational studies were also carried out. One note-worthy study was carried out by Jones and Sandberg [31] . They performed a high fidelity Direct Numerical Simulation (DNS) for NACA 0012 airfoil with and without serration. The results yet again confirmed that most of the noise radiation from the trailing-edge was solely due to the scattering process and that the hydrodynamic behavior at the trailing-edge is completely changed by the trailing-edge serrations. They also showed that the flow is highly three-dimensional as the large spanwise turbulent structures were found to be broken up by the serrations at the trailing-edge, giving rise to horseshoe vortices. The PIV investigation by Acre et al. [26] also showed the highly three-dimensional flow at the serrated trailing-edge having counter-rotating streamwise oriented periodic structures at several spanwise locations. The results also confirmed the development of streamwise horseshoe vortices emanating from the serrated trailing-edge even at low angles of attack, such as α = 6
• . The magnitude of these streamwise vortices appears to increase as the angle of attack is increased. Another very detailed three-dimensional time-resolved tomographic PIV study over the serrations was carried out by Avallone et al. [32] , for a symmetric NACA 0018 at low angle of attack, α = 4 • . They reported that these counter-rotating streamwise-oriented vortical structures developed from the side edge of the serration due to the imbalance of the pressure forces and velocity between the suction and the pressure side of the serrations. They also showed that this distorts the mean flow and affects the local effective angle of attack of the flow reaching the serration and that it also plays an important role in increasing the broadband scattered noise. The detailed PIV study around the sawtooth serrations by Acre et al. [26] and Avallone et al. [32] show that three-dimensional streamwise-oriented vortices predominantly occupy the serration gap at low to moderate angles of attack.
To further expand the existing knowledge and better understand the flow characteristics around a symmetric NACA 0012 and highly chambered NACA 65(12)-10 airfoil, with and without a serrated trailing-edge, a detailed study of the aerodynamic performance, wake development, turbulence structures and mixing has been carried out and presented in a systematic manner in this paper.
Thorough flow measurements have been carried out using Laser Dopler Anemometry (LDA) and The Baseline airfoil has a slightly increased chord-length of c = 0.155 m, which was achieved by flat plate inserts without serrations at the trailing-edge of the Blunt airfoil to achieve the same surface area as that of the serrated airfoil. There is no general consensus in the literature as to how to define the trailing-edge serrations. There are two methods that have been previously used by researchers: (i) to use the serration as a simple flap to the existing airfoil, which increases the airfoil surface area and (ii) to keep the airfoil surface area constant, as suggested by Gruber [22] [23] [24] [25] .
Both of these approaches have been covered in the present study. Two types of serrations based on their good noise reduction performance from previous analytical and experimental studies, as discussed in Sec. I, were selected for the present study. The two types of serrations tested and presented here are the sawtooth serration (Fig. 2a) and slotted-sawtooth serration (Fig. 2b) . In order to cover a wide range of serration angles, geometrical parameters of the serrations such as, the amplitude (2h), periodicity wavelength (λ), angle of serration edge (α s ), slot width (d) and slot depth (H) were varied. The serration parameters presented in Table. 1 are selected due to their excellent noise reduction performance, as demonstrated in previous experiments [22] [23] [24] [25] . 
NACA 0012 Aerodynamic Force Measurements
The NACA 0012 airfoil force measurements for all the tested configurations are presented in Fig. 4 . As mentioned earlier, based on the previous analytical and experimental results discussed in Sec. I, the serration topology involving sharp sawtooth (small α s ) and slotted-sawtooth provide large and robust noise reductions over a wide frequency range. The aerodynamic force measurements presented here, however, have revealed that such effective trailing-edge treatments (in terms of noise) are prone to significant aerodynamic losses at moderate Reynolds numbers and that they are also highly dependant on airfoil shape. For symmetric airfoils the differences in the aerodynamic performance between the sawtooth and slotted-sawtooth serrations were marginal. In case of the cambered NACA 65(12)-10 airfoil, minimal loss in aerodynamic performance was observed with sawtooth serration and slotted-sawtooth serrations led to an overall loss in lift and increased drag.
B. Wake Development Analysis
Detailed wake flow measurements at several downstream locations have been performed using LDA to better understand the effects of serration on the wake development. The wake measurements were carried out at geometric angles of attack, α = 0 attack. Contrary to lower angles of attack, the resultant flow after mixing has an overall downward deflection compared to that of the Baseline flow. It can also be seen that in the near-wake region, the root-flow has a lower velocity deficit leading to significant reductions in TKE (see Fig. 7b ).
Therefore, it can be concluded from the velocity results that the use of serrations at high angles of attack (before stall), can significantly change the wake structure by reducing the velocity deficit, especially in the near-wake region. This is believed to be mainly due to the root-flow and the planar interaction occurring between the tip-and root-flows in the vicinity of the trailing-edge.
The comparison of the tip-and root-flow results for α = 15
• at the wake location x/c = 0.2,
in Fig. 8a , shows no flow velocity changes in the spanwise directions. A large wake-width can be observed for both the Baseline and serration cases, which can be attributed to an early separation on the suction side of the airfoil. The tip-and root-flow velocity profiles eventually converge to that of the Baseline after x/c = 1.0. The wake deficit dip location for the serration case is located slightly above the dip location of the Baseline airfoil, which demonstrates that the root-flow through the serration valleys still has an effect on wake development at the trailing-edge vicinity even after early separation on the airfoil's upper surface. A very prominent and wide double-peak behaviour can be observed in the TKE for the Baseline case due to the high velocity gradients at the nearwake location x/c = 0.2 (see Fig. 8b ). This double-peak behaviour is absent for the serration case since the mixing is improved by the root-flow at the trailing-edge location. For the serration case, at the wake location x/c = 0.2, TKE reduces at the location of the trailing-edge and increases above the trailing-edge compared to that of the Baseline. This increase can be associated to the airfoil's early separation. Results have also shown that a substantial reduction in TKE can be achieved at the wake locations x/c = 0.3 and x/c = 0.5. At the far-wake locations, x/c = 1.0, 1.5 and 2.0, the magnitude of TKE reduction was lower relative to the near-wake locations. These results are particularly interesting as the OGVs, compressor blades, contra-rotating blade configurations, etc., are often operated at high angles of attack and the wake-turbulence interaction is considered a major component of noise from such systems. Moreover, in the case of contra-rotating propellers, minimizing the energy content of the flow from the front row blades can significantly reduce the noise from the interaction of the wake flow with the rear row blades. = 2.0c  (c) x = 1.0c  (b) x = 0.5c  (a) x = 0.2c   Fig. 9 . Reynolds stress tensor for NACA 65(12)-10 airfoil at α = 10
• .
The Reynolds stress tensors profiles for NACA 65(12)-10 airfoil at α = 0 • , 5
• , 10
• and 15
• at the wake locations x/c = 0.2, 0.5, 1.0, 1.5 and 2.0 were studied, but only the results at α = 10
• are presented in Fig. 9 for the purpose of brevity. High magnitude of Reynolds stress tensor were observed in the near-wake regions at the position of maximum velocity deficit and its magnitude gradually reduced at far-wake downstream locations. The shear stress magnitude for α = 0 • and 5
• at the near-wake location x/c = 0.2 was observed to be higher for the serration case than that of the Baseline, which is believed to be due to the interaction between the tip-and root-flow, introducing higher shear stresses at the interference location between the different planes at the serrated trailing-edge. At high angle of attack, α = 10 • , the reduction in shear stress magnitude was substantial, especially at the near-wake locations, x/c = 0.2 and 0.5 compared to other low angles of attack and Baseline case. This also agrees with other similar turbulence reduction observations made in the near-wake TKE results in Fig. 7b . For angle of attack α = 15
• , no significant changes in shear stress magnitude was observed between the Baseline and the serration cases.
NACA 0012 Wake Development
The streamwise wake velocity components and TKE for symmetric NACA 0012 airfoil are presented for low angles of attack α = 0 show that the use of serrations on symmetric airfoils has almost no effect on the flow behaviour in the airfoil wake at the presented low angles of attack. This also concurs with the lift measurements presented in Fig. 4 , i.e. serrations do not particularly change the aerodynamic performance of the airfoil at low angles of attack.
The velocity profiles for high angles of attack, α = 10
• in Fig. 12a shows that the serration case The Reynolds stress tensors profiles for NACA 0012 airfoil at α = 0 • , 5
• were studied and the results for α = 10
• at both the near and far-wake locations are presented in Fig. 14.
The highest shear stress magnitude at the near-wake location (x/c = 0.2 and x/c = 0.5) was found at the maximum velocity deficit locations (see Fig. 12b ) with positive and negative peak values extending almost symmetrically on either side of the wake centre line. As the angle of attack is increased the width of the shear stress region slightly increased along with magnitude of the peak values. The shear stress magnitude reduces at the further downstream far-wake locations.
The shear stress magnitude for the serration case at the tip-and root-flows shows insignificant differences compared to that of the Baseline. As discussed in above Sec. III-B-2 the change in the TKE for the serration case was very minimal and the overall results also showed that the serration cases do not substantially affect the wake development of low cambered symmetrical airfoils such as NACA 0012, especially at pre-stall angles of attack.
C. Wake Energy Content
The flow behaviour over the airfoil trailing-edge and wake development was studied in the preceding sections. In addition to the general velocity and turbulent kinetic energy information obtained using LDA, the frequency-energy content of the wake turbulence was also studied using hot-wire to obtain further valuable information in the context of wake-interaction noise. The hot-wire mea- The velocity PSD results at high angle of attack α = 15
• show that the energy content within the wake turbulence structures for cambered airfoils can be reduced by up to 10 dB at S t = 0.1 − 100 corresponding to 13 Hz − 13 kHz. From the results in Fig. 15 it can be concluded that the use of serrations leads to a significant reduction of the velocity PSD over a wide range of frequencies at the wake locations where maximum TKE was expected. This suggests that the use of serrations in configurations involving tandem airfoils, such as rotor-stator and contra-rotating propellers, can results in the stabilization of the gap flow and significant reduction of wake-blade interaction noise.
NACA 0012
The velocity power spectral density plotted against the Strouhal number at the peak TKE regions measured at x/c = 0.5 within the wake of the NACA 0012 airfoil is presented in Fig. 16 . As previously observed in the TKE results, the level of turbulence reduction for serrated NACA 0012 is minimal at the presented angles of attack, as shown in Figs. 10b, 11b, 12b and 13b. This trend is also observed in the presented PSD results in Fig. 16 , where no reduction in energy-frequency content can be observed for the NACA 0012 serration cases at the wake location over the whole frequency range of interest. The wake energy content results have also shown that the use of serrations can lead to considerable reduction of the velocity power spectrum in the wake at all angles of attack, particularly at high angles, where maximum aerodynamic performance is obtained. The possibility of reducing the turbulence level using serrations is a very interesting observation, particularly in the context of noise generated by wake-airfoil interaction of configurations involving tandem airfoils, such as contra-rotating propellers, rotor-stator configuration, etc.
